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The solid nanodispersion of 15% emamectin benzoate was prepared by the method of solidifying nanoemulsion. The mean particle
size and polydispersity index of the solid nanodispersions were 96.6 + 1.7 nm and 0.352 + 0.041, respectively. The high zeta
potential value of 31.3 + 0.5mV and stable crystalline state of the nanoparticles suggested the excellent physical and chemical
stabilities. The contact angle and retention compared with microemulsions and water dispersible granules on rice, cabbage, and
cucumber leaves indicated its improved wettability and adhesion properties. The bioassay compared with microemulsions and
water dispersible granules against diamondback moths and green peach aphids provided an evidence of its enhanced biological
activity. This formulation composition could avoid organic solvents and obviously reduce surfactants. It is perspective in raising
bioavailability and reducing residual pollution of pesticides and further improving agricultural production and environmental

safety.

1. Introduction

In conventional agroecological systems, pesticides are pri-
marily used to control pests, diseases, and weeds in order
to ameliorate the yield and quality of crop products [1,
2]. However, most of pesticide compounds are generally
poorly soluble in water which is not benefit to maintain
bioactivity and increase efficacy and safety of the active
ingredients after spraying [3]. The conventional pesticide
formulations generally involve emulsifiable concentrate (EC),
microemulsion (ME), suspension concentrate (SC), wettable
powder (WP), and water dispersible granule (WDG) [4, 5].
These formulations have several disadvantages, such as poor
dispersion in water, dust drift in atmosphere, and organic
solvent pollution in ecosystem, consequently, decreasing the
control efficacy and increasing the environmental risk of
pesticide [6].

Most pesticide compounds are insoluble in aqueous
media, which obstruct the development of environment
friendly formulations and their efficient application [2, 7].

According to the Ostwald-Freundlich equation, when all the
other factors are fixed, the solubility of substance increases
as the particle size reduces. Therefore, decreasing particle
size of pesticide could effectively enhance its dissolution
performance [8-10]. However, obvious change appears only
when the particle size is in the nanoscale. Nanotechnology
may become an innovative strategy to produce nanoformu-
lations for increasing the solubility and efficacy of insoluble
pesticides [11, 12].

Emamectin benzoate, a macrocyclic lactone biological
insecticide (Figure 1), is a new type of high efficient semisyn-
thetic derivative antibiotic insecticide produced from the
fermentation product of avermectin B;. It has a broad
spectrum, ultra-high efficiency, low toxicity, residue and envi-
ronmental pollution, and improved thermal stability com-
pared to avermectin [13-16]. Compared with avermectin, the
insecticidal activity is increased by 1-3 orders of magnitude. It
is extremely active to the lepidoptera insect larvae and many
other pests and mites. At the same time, it is not harmful to
the beneficial insects and benefits the comprehensive control
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FIGURE 1: Chemical structure of emamectin benzoate.

of pests [17]. Owing to its low water solubility (24 mg/L "), the
currently primary formulations of emamectin benzoate are
still EC with numerous organic solvents and WDG with lots
of surfactants. However, the organic solvent dosage of most
EC is usually over 80% [18], which increased environmental
pollution [19-21]. In recent years, 5.7% emamectin benzoate
WDG developed rapidly [22]. However, relative to the low
content of emamectin benzoate, the high concentrated sur-
factants with several times of pesticide in WDG also increase
the ecological risk [23-28]. Although the nanoformulations
have the potential for avoiding organic solvents, reducing
surfactants, and enhancing water solubility of poorly water-
soluble pesticide, few researches were reported, especially the
solid nanodispersions.

In this research, emamectin benzoate solid nanodisper-
sion (SND) was prepared with the method of solidifying
the nanoemulsion. The solid nanoformulation presented
great stability, dispersibility, wettability, spreadability, and
biological activity. Moreover, the surfactant content in the
composition was only 1.3 times that of pesticide which was
much lower than most other solid formulations. This research
supplies an innovative method to develop a solid nanoformu-
lation with enhanced environmental compatibility and safety
and may become a promising alternative for conventional
formulations.

2. Experimental Methods

2.1. Materials. Emamectin benzoate (75%) was purchased
from Hebei Veyong Bio-Chemical Co., Ltd., China. Ethyl
acetate was provided by Beijing Jinhui Reagent Chemical
Co., Ltd., China. Silwet 408# was purchased from Cangzhou
Hongyuan Agrochemical Co., Ltd., China. Polyoxyethylene
sorbitan monooleate (Tween 80#) was purchased from J&K
Scientific Ltd., China. Two emamectin benzoate microemul-
sions were purchased from Shenzhen Noposion Agrochem-
ical Co., Ltd., China (5.7%, ME-A), and Shanxi Royal Crop
Science and Technology Co., Ltd., China (5.7%, ME-B),
respectively. Three emamectin benzoate water dispersible

granules were purchased from Shanxi Sunger Road Bio-
Science Co., Ltd., China (5.7%, WDG-A), Qingdao Star Crop-
science Co., Ltd., China (5.7%, WDG-B), and Shanxi Hentian
Chem-Tech Co., Ltd., China (5.7%, WDG-C), respectively.
High performance liquid chromatography (HPLC) grade
acetonitrile, methanol, and ammonium acetate were pur-
chased from Thermo Fisher Scientific Co., Ltd., China. Milli-
Q water (18.2 MQ-cm, TOC < 4 ppb) was used in all analytical
experiments.

2.2. Preparation of Emamectin Benzoate Solid Nanodispersion.
Emamectin benzoate solid nanodispersion was produced by
solidifying nanoemulsion method. The preparation process
of the 15.0% emamectin benzoate solid nanodispersion was
described in detail as follows. First of all, 5.00 g emamectin
benzoate technical material (TC) powder was dispersed in
13.00 mL ethyl acetate while stirring until transparent, as an
oil phase. The surfactants of 2.50 g Silwet 408# and 2.50 g
Tween 80# (1/1, w/w) were dissolved in 72.00 mL deionized
water and stirred until transparent; then 7.00 mL ethyl acetate
was added dropwise and stirred until transparent, to get the
water phase. After that, the oil phase was added to the water
phase gradually and stirred. Subsequently, a carrier solution
of 15.00 g sucrose and 15.00 g deionized water (1/1, w/w) was
mixed with the above mixture. Finally, after stirring evenly,
the mixture was freeze-dried in dark using a freeze dryer
(FD-81, Tokyo Rikakikai Co., Ltd., Japan) for 60 h at 0.4 Pa
to obtain the emamectin benzoate solid nanodispersion.

2.3. Particle Size and Zeta Potential of Emamectin Benzoate
Solid Nanodispersion. The mean particle size, polydispersity
index (PDI), and zeta potential of the redispersed aqueous
emulsion were measured by dynamic light scattering (DLS)
using a Zetasizer Nano Instrument (ZS90, Malvern Instru-
ments Ltd., Worcestershire, UK) at room temperature. Mean
particle size was expressed by the mean size and 50% and
90% diameter percentile (Di50 and Di90). PDI values smaller
than 0.5 imply a very narrow size distribution. Zeta potential
values above an absolute value of 30mV imply that the
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suspension has fine stability. The measurement was carried
out in triplicate for reliability.

2.4. Morphology Characterization of the Nanoparticles. The
morphology of emamectin benzoate solid nanodisper-
sion was characterized by a JSM-7401F scanning electron
microscopy (SEM) (JEOL Ltd., Japan) with an accelerating
voltage of 3kV. In the SEM image, the emamectin benzoate
solid nanodispersion aqueous dispersion was prepared and
imaged. After the solidifying process, the sample was con-
figured as a solution in deionized water and centrifuged at
10,000 rpm for 20 minutes, and the supernatant was removed
and then diluted with deionized water to observe the small
nanoparticles. The samples were dropped on cleaned silicon
slice, dried naturally, and coated with a thin layer of platinum
for 30 s using a sputter coater (ETD-800, Beijing Elaborate
Technology Development Co., Ltd., China).

2.5. Crystallinity Characterization of the Nanoparticles. The
crystalline state of emamectin benzoate solid nanoparticles
was characterized by an X-ray diffractometer (D8 Advance,
Bruker AXS Inc., Germany) with Cu K« radiation generated
at 40 kV voltage and 40 mA current. Samples were analyzed
in a 20 range of 5-50°, with a step size of 0.02" and a time step
of 0.1s.

2.6. Content Determination of Emamectin Benzoate Solid
Nanodispersion. The emamectin benzoate content was ana-
lyzed by HPLC (Waters 035876, Waters Alliance Co., Ltd.,
Milford, MA, USA) at 25°C using a C18 analytical column
(5um, 4.6 mm * 250 mm, Shiseido Company, Limited, Japan)
and 245nm UV detector. The mobile phase was a mixture
of acetonitrile, methanol, and 0.02% aqueous ammonium
acetate (40:40: 20, v/v) and the flow rate was 1.0 mL/min.

2.7. Storage Stability Measurement of Emamectin Benzoate
Solid Nanodispersion. The storage stability was examined as
the following instructions. The solid nanodispersions were
stored in a closed dark glass bottle at 4°C, 25°C, and 54°C
for 14 days. During and after storage, samples were drawn
to determine the physical and chemical stability at 0 day, 2
days, 4 days, 6 days, 8 days, 10 days, 12 days, and 14 days,
respectively. Physical stability was evaluated by analyzing
emamectin benzoate mean particle size, Di90, and PDI
with DLS. Chemical stability was measured by analyzing
emamectin benzoate remaining of the solid nanodispersions
with HPLC.

2.8. Contact Angle Measurement of Emamectin Benzoate
Solid Nanodispersion. The contact angles of the samples
on cabbage and cucumber leaves were measured using a
precision contact angle measuring instrument (JC2000D2M,
Shanghai Zhongchen Digital Technic Apparatus Co., Ltd.,
China). The specific operations were as follows: the fresh
plant leaves were collected and smoothly fixed on the stage,
while keeping the foliage in a natural state without destroying
their structure. The liquid to be tested was drawn using a
microinjector, and then 5mL liquid droplets were injected

out on the target leaf surfaces, 30s later, the droplets were
captured with a contact angle measuring instrument, and
the contact angles of the droplets were calculated by 5-point
fitting analysis method at (25+2)°C and the relative humidity
was (25+2)%. Five samples were tested and averaged for each
sample.

2.9. Retention Test of Emamectin Benzoate Solid Nanodis-
persion. Retention was determined using an impregnation
method. First of all, the emamectin benzoate solid nanodis-
persion and commercial samples were diluted into aqueous
dispersions containing 0.020 mg/mL active ingredient. Then
the weight of each solution was weighed using an electronic
balance (Me204e, Mettler Toledo, Zurich, Switzerland), and
the area of each plant leaf was measured by a leaf area meter
(Yaxin-1241, Beijing Yaxin Science Instrument Technology
Co., Ltd., Beijing, China). Afterwards, the leaves were fully
immersed in the above dispersions and pure water which was
as a control test and then pulled out after 10s. The weight
of the aqueous dispersions was recorded before and after
immersing when there were no droplets falling from the leaf
surface. The weights and areas were accurate to 1mg and
0.1cm?, respectively. The average value of five examinations
was adopted.

2.10. Bioassays of Emamectin Benzoate Solid Nanodisper-
sion. Biological toxicity assays were conducted using the
spray method and performed according to NY/T 1154.9-
2008 (Guideline for laboratory bioassay of pesticides-Part 9:
Spraying method, China) [29]. The experimental procedure
is as follows: on the basis of pretest, each agent sample was
directly diluted with pure water into different concentra-
tions according to the equal ratio, followed by ultrasound
with an ultrasonic machine (Kq-500de, Kunshan Ultrasonic
Instruments Co., Ltd., Jiangsu, China) for 5 minutes, to
obtain the dispersions with different emamectin benzoate
concentrations. Subsequently, the leaves of the test plants,
which had not been exposed to the chemicals, were air-
dried after being washed in water and cut into appropriate
size and then placed in a ¢6.0 cm moistened culture dish
with a wet filter paper at the bottom. Afterwards, twenty
healthy test insects were gently introduced into per dish
with a brush and sprayed accurately in a potter sprayer
(Burkard Manufacturing Co. Ltd., UK) (at a spray pressure
of 100 kPa with a spray volume of 3 mL per treatment and
sedimentation time of 30 s) and then sealed with plastic wrap
and played about 20 breathable holes on the plastic mem-
brane with entomic needle. Four replications were carried
out for comparison with the blank control test in which
leaves were only treated with deionized water solution. The
treated larvae were housed in the pest control room under
the conditions of light/dark = 16 : 8, temperature = (25 + 2)°C
and relative humidity = (75 + 5)%. Test insects mortality
was assessed after treatment for 48 h. The numbers of dead
and live insects were examined, respectively, under the
dissecting microscope (SZ61, Olympus Corporation, Japan).
The insects with feet and tentacles trembling were regarded
as live.
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FIGURE 2: (a) SEM image of emamectin benzoate nanoparticles and (b) particle size distribution of emamectin benzoate SNDs measured by

DLS.

2.11. Statistical Analysis. The particle sizes data were recorded
as the mean + standard deviation (SD). Statistical analysis
was performed with the software package SPSS (Interna-
tional Business Machines Corporation, New York, USA).
The concentration-mortality data such as toxicity regression
equation, correlation coefficient, and median lethal concen-
tration (LCs,, g/mL) and their 95% confidence limit were
calculated by DPS statistical software (Refine Information
Tech. Co., Ltd., Hangzhou, China).

3. Results and Discussion

3.1 Particle Size and Zeta Potential of Emamectin Benzoate
Solid Nanodispersion. The emamectin benzoate content in
the solid nanodispersion prepared by the solidifying nanoe-
mulsion method was 15.0%; this content was higher than
the market 5.7% ME and WDG. In addition, the content of
surfactants was 20.0% in the nanoformulation, which only
1.3 times of the emamectin benzoate weight. Generally, the
surfactants in the conventional formulation compositions
include anionic surfactants, cationic surfactants, amphoteric
surfactants, nonionic surfactants, and mixed surfactants
[30-36]. In the conventional formulations, the content of
surfactants and cosurfactants is generally 10-20 times of
emamectin benzoate weight, and the content of organic
solvents and cosolvents is generally 10-30 times of emamectin
benzoate weight [20, 37-49]. Relative to commercial ME
and nanoemulsion, the SND has little surfactants and lacks
solvents. However, its diluted aqueous solution presents the
properties of ME and nanoemulsion. The results of DLS
measurement show that the mean particle size, Di50, Di90,
and PDI of the solid nanodispersion were 96.6 + 1.7 nm,
126.0+3.5 nm, 300.3+25.7 nm, and 0.352+0.041, respectively,

indicating an excellent redispersibility. The zeta potential
value of the redispersed nanoemulsion was 31.3 + 0.5mV.
This high zeta potential suggested the excellent physical
stability [50-52]. As reported, the solid microemulsions of
emamectin benzoate with the same content of surfactants
were prepared by a self-emulsifying method; their emamectin
benzoate concentration can reach 3.5% (w/w) [53]. In this
solid nanodispersion produced by the solidifying nanoemul-
sion method, the emamectin benzoate content could be
higher than the reported solid microemulsions.

3.2. Morphology of Emamectin Benzoate Nanoparticles. In
the SEM image, the pesticide nanoparticles presented sphere
shape as observed in Figure 2(a). The particle size was
about 100 nm, which was well in agreement with the result
measured using DLS (Figure 2(b)).

3.3. Crystalline State Analysis. As shown in Figure 3, XRD
pattern of the solid nanodispersion presented the amorphous
characteristic compared to the pure emamectin benzoate
nanocrystal, owing to the amorphous surfactants cover-
ing the pesticide surface. The intense peaks of the solid
nanodispersion mainly resulted from sucrose crystal which
accounted for the largest proportion in the formulation
composition. In addition, the characteristic peaks of pure
emamectin benzoate at 11.8°, 19.0°, 19.7°, 22.2°, and 24.9°
observed in the pattern indicated the preservation of pesti-
cide crystal structure. The crystalline state was stable during
storage and the amorphous component could accelerate
the dissolution of poorly water-soluble compound [54-56].
Moreover, the zeta potential value of 31.3 + 0.5 mV suggested
the high electrostatic repulsion between the nanoparticles,
contributing to the great storage stability.
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FIGURE 3: XRD patterns of the emamectin benzoate solid nanodis-
persion and pure components in the formulation.

3.4. Storage Stability. Changes of particle size and distribu-
tion of the emamectin benzoate solid nanodispersion during
storage at 4°C, 25°C, and 54°C are shown in Figure 4.
The mean size of nanoparticles increased from 101.4 nm to
128.2nm, 128.2 nm, and 380.4 nm at 4°C, 25°C, and 54°C after
14 days of storage, respectively (Figure 4(a)). Particularly, the
particle size and the PDI still kept at about 124.1nm and
0.449 after 70 days of storage at 4°C. It can be seen that
the changes of particle size at 4°C and room temperature
were slight. This slight aggregation phenomenon is difficult to
avoid, especially for nanoparticles [57-59]. In the heat storage
condition, because the two surfactants (Silwet 408# and
Tween 80#) are liquid at room temperature, high temperature
will accelerate the mobility of additives and led to the
aggregation. However, the redispersed nanoemulsion also
presented colorless and transparent appearance. From the
analysis of HPLC results, the contents of emamectin benzoate
in the nanoformulation after 14 days of storage at 4°C,
25°C, and 54°C were 14.8%, 14.7%, and 14.7%, respectively,
almost no change at all (Figure 4(b)). These results suggested
the excellent physical and chemical stability of emamectin
benzoate solid nanodispersion.

3.5. Contact Angle of Emamectin Benzoate Solid Nanodisper-
sion. The contact angle was the important index to evaluate
the wettability of the solution. Cabbage leaves were used
as the typical hydrophobic interface, cucumber leaves as a
typical hydrophilic interface. Commercial MEs and WDGs
were used as the control formulations. The wettability effect of
emamectin benzoate SND was studied. As shown in Figure 5,
the contact angle of the emamectin benzoate SND on the
surface of cabbage leaves was 98°, smaller than the ME-B,
WDG-A, WDG-B, and WDG-C, indicating that the SND
has better infiltration at the hydrophobic plant leaf interface.
The contact angle of the SND on cucumber leaves was 49°,
which was less than that of the ME-A, ME-B, WDG-A,

WDG-B, and WDG-C, indicating a significant increase in
the wettability. The contact angle reflects the wetting and
spreading properties of the liquid on the target surface. The
smaller contact angle implies better wetting and spreading
performance [60]. When the wettability of the SND on the
hydrophobic cabbage and rice was better than that of the
control ME and WDG formulations, it was favorable for
the attachment and distribution of the insoluble drug-loaded
particles on the foliage, enhancing the adhesion on the target
and efficacy.

3.6. Retention Test. Retention affects the pesticide efficacy
via influencing spread and adhesion of aqueous dispersions
on leaves after spraying. The retention (R,,, mg/cm?®) was
evaluated by the improved method of previous literature [61]
and evaluated by the following equation:

R, = —2—1 ey

Here, W, (mg) and W, (mg) are the weights of the test aque-
ous solutions before and after immersing the hydrophobic
rice (Oryza sativa L.), cabbage (Brassica oleracea L.) leaves,
and hydrophilic cucumber (Cucumis sativus Linn) leaves; S
(cm?) is the area of the leaves. As shown in Figure 6, the
retention of the emamectin benzoate solid nanodispersion on
the hydrophobic rice leaves was 0.89, 1.00, 3.17, 3.12, 3.32, and
4.77 times that of commercial ME-A, ME-B, WDG-A, WDG-
B, WDG-C, and deionized water, respectively. The retention
of the emamectin benzoate solid nanodispersion on the
hydrophobic cabbage leaves was 1.11, 1.12, 1.27, 1.31, 1.33, and
1.76 times that of commercial ME-A, ME-B, WDG-A, WDG-
B, WDG-C, and pure water, respectively. The commercial
MEs had good retention due to the addition of a large
amount of surfactant and solvent, but the SND retention was
increased due to the small particle size and large specific
surface area. The above results suggest that while the particle
size reduces, their specific surface area and contact area with
leaves increase, which is beneficial to expanding the retention
of pesticides. The retention of the emamectin benzoate solid
nanodispersion on the cucumber rice was 1.04, 1.05,1.04, 1.00,
1.05, and 1.04 times that of commercial ME-A, ME-B, WDG-
A, WDG-B, WDG-C, and deionized water, respectively. This
difference was not obvious, which may be related to the
hydrophilic characteristic of cucumber leaves.

3.7 Biological Activity. The biological activities of emamectin
benzoate SND, MEs, and WDGs against diamondback moths
(Plutella xylostella L.) and green peach aphid (Myzus persicae
(Sulzer)) were compared in Tables 1 and 2. Table 1 result
showed that the median lethal concentration (LC5,) of ME-B,
WDG-A, WDG-B, and WDG-C against diamondback moths
was 1.24, 1.45, 1.81, and 1.87 times of SND, respectively, indi-
cating SND having higher sensitivity. Therefore, the toxicities
of these agents against diamondback moths were SND > ME-
B > WDG-A > WDG-B > WDG-C. Table 2 data showed
that the toxicities of WDG-A and WDG-B were significantly
lower than that of SND; their LCy, were 2.14- and 2.65-folds
of SND, respectively. From the above analysis, the toxicities
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FIGURE 4: Storage stability of emamectin benzoate solid nanodispersion. (a) Physical stability and (b) chemical stability.

TABLE 1: Bioassay results of emamectin benzoate formulations against diamondback moths.

Formulation Toxicity regression equation Correlation coefficient LG, (ug/mL) 95% confidence limit (¢g/mL)
SND Y =5.6862 + 0.9328x 0.9871 0.1838 0.1142-0.2960
ME-A Y =6.1144 + 1.1443x 0.9942 0.1062 0.0725-0.1557
ME-B Y =6.7321 + 2.6898x 0.9257 0.2270 0.0661-0.7802
WDG-A Y =6.6717 + 2.9105x 0.8708 0.2667 0.0616-1.1527
WDG-B Y =6.1196 + 2.3456x 0.9467 0.3332 0.1320-0.8412
WDG-C Y =6.1191 + 2.4146x 0.9285 0.3440 0.0958-1.2354
TABLE 2: Bioassay results of emamectin benzoate formulations against green peach aphid.
Formulation Toxicity regression equation Correlation coeflicient LGy, (ug/mL) 95% confidence limit (ug/mL)
SND Y =1.4958 + 1.4428x 0.9924 268.3323 150.3596-907.6823
WDG-A Y =2.5995 + 0.8698x 0.9461 575.3891 233.3131-5373.9177
WDG-B Y =3.3398 + 0.5822x 0.8826 710.7140 228.6222-30344.20774
140.00 + effect of three agents against green peach aphid was SND >
120,00 - WDG-A > WDG-B. As reported, the efficacy strengthened as
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FIGURE 5: Contact angle of emamectin benzoate on cabbage and
cucumber leaf surface.

the droplet size of pesticide reduced. The above results were
consistent with literature [62, 63]. Nanopesticides could be
more potent than conventional pesticide formulations against
harmful target organisms, due to their larger specific surface
area which could increase the adsorption and accumulation
of the active ingredient by the pest [64, 65].

4. Conclusion

In summary, the solid nanodispersion of 15% (w/w) ema-
mectin benzoate containing 20% surfactants (w/w) with
high dispersity and stability was prepared by the solidifying
nanoemulsion method. It was evidenced that the surfactants
had big influence on the particle size and dispersity of the
solid nanodispersion. The emulsifier combination of two
nonionic surfactants (Silwet 408# and Tween 80#, 1/1, w/w)
had superior emulsifying properties, and the content 1.3 times
of pesticide was enough to show excellent nanoemulsifying
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feature. The solid nanodispersion changed into aqueous
nanoemulsion after redispersing it with deionized water.
The mean particle size and zeta potential value of the
redispersed nanoemulsion were 96.6 + 1.7nm and 31.3 +
0.5 mV, respectively. Its small particle size, high zeta potential,
and stable crystalline state suggested the super dispersed
uniformly and excellent storage stability. Moreover, the solid
nanodispersion reduced the leaf contact angle, increased the
retention and biological activity compared to conventional
solid formulations. The composition of solid nanodispersion
increases the content of emamectin benzoate, avoids organic
solvents, and reduces surfactants compared with EC, ME,
and WDG. Therefore, this research offers a simplified and
universal method to produce solid nanoformulation and
this kind of nanoformulation is perspective in plant and
environment protection for improving bioavailability and
ecological security.
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